Hierarchically-nested sampling designs were used to test hypotheses about the population ecology of the small chiton Acanthochitona retrojecta (Pilsbry) in coralline algal turf on rocky shores near Sydney, Australia. Spatial sampling in January 1998 demonstrated that these small chitons were more abundant in mid-than in low-shore areas and more abundant on shores north of compared with those south of Sydney Harbour. Densities of A. retrojecta were extremely high, often exceeding 3500/m 2 . Temporal sampling showed there was little variation in the total abundance of A. retrojecta at scales of weeks and months. Nevertheless, there were significantly more juvenile chitons in June and July, which was offset by a reduction in the abundance of adults at the same time. The lengths of chitons ranged from 0.59 mm to 9.56 mm and size-frequency distributions demonstrated that A. retrojecta recruits continuously throughout the year. Several aspects of the population ecology of A. retrojecta differed greatly from those of previously studied species of larger chitons. These differences may be a function of the unique biology of A. retrojecta or be related to its unusually small size. More information is needed on other species of small chitons before general patterns of difference can be properly evaluated.
INTRODUCTION
Variations in the distribution, abundance and size-structure of populations have been central themes in molluscan ecology (e.g. Underwood, 1979; Hughes, 1980; Little, 1989; Myers & McGrath, 1993) . Such patterns of variation form the basis of studies aimed at elucidating important ecological processes (e.g. Raffaelli & Hughes, 1978) , managing molluscan biodiversity (e.g. Eekhout et al., 1992) and detecting environmental change (e.g. Thrush et al., 2000) . These patterns are, however, rarely simple because they are the product of numerous biotic and abiotic factors acting at a variety of spatial and temporal scales (Dayton, 1971; Menge & Sutherland, 1987; Barry & Dayton, 1991) .
Patterns of distribution and abundance have been well described for many marine molluscs, such as herbivorous gastropods (e.g. Hawkins & Hartnoll, 1983; Chapman, 1994) , predatory whelks (e.g. Fairweather, 1988; Sagarin & Gaines, 2002) , microgastropods (e.g. Kelaher, Chapman & Underwood, 2001; Olabarria & Chapman, 2001 ) and bivalves (e.g. Thrush et al., 2000; Van der Meer, Beukema & Dekker, 2001) . Generally, these molluscs vary at a hierarchy of spatial scales from cm to 1000s of km (Archambault & Bourget, 1996) . In particular, large amounts of variation have been shown in the spatial arrangement of individuals separated by less than a metre and among patches of habitat separated by 100s of metres along the shore (Olabarria & Chapman, 2001 ). On a temporal scale, abundances of molluscs can also vary dramatically from season to season (e.g. Wigham, 1975; Southgate, 1982) , year to year (e.g. Myers & McGrath, 1993; Dye, 1998) and over longer periods of time (e.g. Underwood, 1999; Burrows, Moore & James, 2002) . Few studies, however, have simultaneously evaluated temporal variation of molluscs at multiple scales (Underwood, 1997) , with most focusing only on a single sampling frequency (e.g. monthly, seasonally or yearly sampling).
In contrast to other molluscs, little is known about patterns of variation for chitons, despite their high abundance and diversity in many marine habitats (Boyle, 1977; Otaiza & Santelices, 1985; Smith & Otway, 1997) . Previous research on chitons has focused predominantly on their reproductive biology (e.g. Pearse, 1979; Sakker, 1986; Eernisse, 1988; Currie, 1990) and behaviour (e.g. see review in Crozier, 1921; Boyle, 1977; Chelazzi, Focardi & Deneubourg, 1983) . More recent attention from experimental ecologists has, however, demonstrated that herbivory of chitons can strongly influence the benthic assemblages of intertidal habitats (Hawkins & Hartnoll, 1983; Otway, 1989; Smith & Otway, 1997) .
Measures of growth, reproduction and mortality of chitons provide insight into their interactions within and among different trophic levels (Otway, 1994) . Published data indicate that chitons are relatively long-lived and slow-growing (e.g. Glynn, 1970; Baxter & Jones, 1978) . This stems from a major bias toward the study of larger species (Otway, 1994) . There are, however, many species of small and cryptic chitons that live in complex habitats, such as boulder fields (Pope, 1943; Chapman, 2002; Grayson & Chapman, 2004) , mussel beds (Tsuchiya & Nishihira, 1986; Seed, 1996) and algal turf (Hicks, 1971; Bode, 1989) . Virtually no published information exists on the population ecology of these smaller chitons (but see Bode, 1989) . Moreover, it is not known whether the methodology used for estimating the growth and mortality of larger chitons (e.g. Baxter & Jones, 1978; Otway, 1994) will be effective for smaller species.
We describe the population ecology of a small species of chiton, Acanthochitona retrojecta (Pilsbry), from rocky shores near Sydney, Australia. Although these shores have a long history of study (Underwood, 1994) , this species has never been recorded in major ecological surveys and has only been reported a few times in the taxonomic literature (e.g. Cotton & Godfrey, 1940) . Our initial observations showed that A. retrojecta was commonly found in complex microhabitats, such as mussel beds, polychaete tubes, densely packed ascidians and algal turf. We focused on coralline algal turf, as it was extremely abundant on rocky shores around Sydney (Chapman & Underwood, 1998; Coleman, 2002) and was the microhabitat where the greatest abundances of A. retrojecta were observed (B.P. Kelaher, unpublished data). Specifically, we tested the hypotheses that abundances of A. retrojecta vary (i) between tidal heights and (ii) at an hierarchy of spatial and temporal scales. In addition, we quantified variation in the size-structure and patterns of recruitment of A. retrojecta over a 1-year period.
MATERIAL AND METHODS

Spatial variation in abundances of A. retrojecta
Macrofauna in coralline turf were sampled on four shores (Green Point, Harbord, Cape Banks and Coledale) near Sydney on 27 and 28 January 1998 (Fig. 1) . A full description of the study areas, sampling methods and spatial patterns of assemblages have been detailed by Kelaher et al. (2001) . We used a subset of these data to test our hypotheses regarding spatial patterns of A. retrojecta, as Kelaher et al. (2001) did not present information on the abundances of individual species.
Briefly, each of the four shores was moderately exposed and had large patches of coralline turf in low-and mid-shore areas. On each shore, two sites separated by 50 -70 m were randomly selected in low-and mid-shore areas at approximately mean low water of neap tides and at mid-tide levels, respectively. In each site, five randomly placed replicate cores of coralline turf were collected using a sharpened metal corer, which had an internal diameter of 80 mm (0.005 m 2 ). Only areas with 100% primary cover of algae, of which at least 95% was Corallina officinalis, were sampled. For each replicate, the algae and sediment inside the corer were scraped off at the level of the rock and preserved in 7% formalin solution. All replicates were washed in a 500-mm sieve. Any A. retrojecta that were retained were identified and counted under £ 12 magnification.
Temporal variation and size-structure of A. retrojecta populations Two sites with large patches of coralline turf were selected in midshore areas at Green Point. This particular platform was selected because it had large abundances of A. retrojecta (see results). An hierarchical nested design was used, in which A. retrojecta was sampled in three periods: February/March 2000, June/July 2000 and October/November 2000. Within each period, turf was sampled at three randomly chosen times, approximately 2-3 weeks apart. At each time, five cores (150 mm in diameter, approx. 0.018 m 2 ) of coralline turf were collected from each site and sorted using the methods described above. A larger corer was used to ensure reasonable estimates for size-structure of populations.
To test the hypothesis that the size-structures of populations of A. retrojecta vary in time, the length of all chitons were measured with callipers (^0.01 mm). Each chiton was flattened in a petri dish and measured under £ 12 magnification. Three extra sampling times were added between February and June 2000 in order to track changes in the size-structures of populations at a higher temporal resolution. Hypotheses about temporal variation in chiton recruitment and adult densities were tested by analysing abundances of juvenile (, 2 mm) and sub-adult/adult chitons (. 4 mm, hereafter called adults for simplicity), respectively. Continuous, but variable, recruitment of A. retrojecta made it impossible to get useful results from an analysis of cohort structure (Creese & Underwood, 1976) .
RESULTS
Spatial variation in abundances of A. retrojecta
Analyses of variance showed that there were significantly more A. retrojecta in mid-than in low-shore areas at Green Point and Harbord and similar, but non-significant, trends at Cape Banks and Coledale (see significant Shore £ Tidal height interaction in Table 1 , Fig. 2 ). Student-Newman-Keul post-hoc tests (SNK) demonstrated that there were significantly more A. retrojecta at Green Point and Harbord than at Cape Banks and Coledale at mid-shore levels (SNK, P , 0.05), although there were no significant differences lower on the shore (SNK, P . 0.05).
Components of variation were estimated for random factors using the Residual Maximum Likelihood Method on untransformed data (Robinson, 1987) . At mid-shore levels, variation in abundances of A. retrojecta among locations contributed to more than 50% of the total (Table 1 ). In contrast, variation among replicates was most important low on the shore, contributing more than 60%. Although there were significant differences in abundances of A. retrojecta among sites, variation at this scale was relatively less important than among locations or replicate cores (Table 1) .
Temporal variation and size-structure of A. retrojecta populations
The total abundance of chitons and individual abundances of recruits and adults were compared with analyses of variances. By eliminating the non-significant times nested within the period factor, it was possible to test for differences among periods (Underwood, 1997) . The total abundance of A. retrojecta varied little at the scale of months, as there were no significant differences among periods and this factor accounted for less than 5% of total variation (Table 2A , Fig. 3A ). There was, however, substantially more variation at the scales of weeks (30 -35% of the total, Table 2A), although significant differences were confined to site 2 during February/ March 2000 (SNK, P , 0.05).
While the total abundances of A. retrojecta were relatively stable through time, abundances of juveniles and adults varied substantially among periods (15 -52% of total variation, Table 2b,c). For each site, recruits (,2 mm) were significantly more abundant in June/July than in either February/March or October/November (SNK, P , 0.05). In contrast, the abundances of adults (.4 mm) showed the opposite pattern in site 2, being least abundant in June/July (SNK, P , 0.05, Fig. 3C ). The same trend was shown at site 1, although differences among sampling periods were not significant (SNK, P , 0.05, see Site £ Period interaction in Table 2C , Fig. 3C ). The complementary nature of temporal patterns shown by adult and juvenile chitons was a major factor in the apparent temporal stability of the overall population.
The length of A. retrojecta ranged from 0.59 mm to 9.56 mm. At several times of sampling (e.g. 9 February and 1 April), there appeared to be strong cohorts, separating juvenile and adult chitons. It was, however, impossible to track these cohorts from one time to the next (Fig. 4) . Very small chitons (, 2 mm) were present in the populations at all sampling times, indicating continuous recruitment throughout the year. The highest proportions of recruits were found during June/July, which corresponded to when they were most numerically abundant (Fig. 4) . For three out of 12 sample dates, Kolmogorov -Smirnov goodness-of-fit tests demonstrated that there was significant variation between the size-structure of populations in sites separated by 50-70 m (Fig. 4) . For February 18 and June 30, large differences in the abundance of newly recruited chitons contributed substantially to significant size-structure variation.
DISCUSSION
Acanthochitona retrojecta was extremely abundant in coralline turf and commonly exceeded densities of 3500/m 2 . To our knowledge, these are the largest densities of chitons reported, although past studies have tended not to quantify chitons less than 2 mm in length (but see Bode, 1989) . Densities of A. retrojecta were an order of magnitude greater than those of other common species from Australia (Otway, 1994; Smith & Otway, 1997 , Grayson & Chapman, 2004 , six times greater than the extremely abundant Chiton granosus from Chile and three times greater than Acanthochitona crinita from northern Spain (Bode, 1989) .
Similar to many intertidal organisms (Lewis, 1964; Underwood, 1994 , Raffaelli & Hawkins, 1996 , abundances of A. retrojecta were strongly influenced by height on the shore. While there are many possible explanations for this pattern (e.g. variation in predation, food resources or competition at different tidal heights), recent experimental work can probably eliminate two logical possibilities: (i) variation in recruitment, which does not vary between low-and mid-shore areas (B.P. Kelaher, unpublished data); and (ii) physical structure of coralline turf, which varies substantially with tidal height but does not explain P , 0.05 is indicated by bold. Data were transformed by ffiffiffiffiffiffiffiffi X þ 1 p prior to analysis, to satisfy the assumption of variance homogeneity. * Non-significant Times (Pe) terms were eliminated to create a F-ratio for Pe. †Non-significant Si £ Times (Pe) term was eliminated to increase power of test for Si £ Pe. differences in abundances of other macrofaunal species between low-and mid-shore areas (Kelaher, Underwood & Chapman, 2003) . Biotic interactions remain a strong possibility in causing vertical patterns in A. retrojecta, as the abundances of many potential competitors and predators also vary with height on the shore (Kelaher, 2001) . Experimentally testing such hypotheses would be a valuable step forward as virtually nothing is known about the relative importance of biotic interactions among macrofauna living in algal turf.
Abundances of A. retrojecta varied at a hierarchy of spatial scales, with variation among replicate cores and locations being most important. Large variation at scales of cm is extremely common for marine molluscs and probably results from behavioural responses to small-scale changes in the microhabitat (Chapman, 1994; Underwood & Chapman, 1996) . On the largest scale, the two shores south of Sydney Harbour had fewer chitons than the two shores north of the Harbour. It is difficult to suggest potential causes for this pattern because there are no obvious physical or biological differences among these shores (e.g. wave-action, rock type, algal cover, etc.) or oceanographic conditions concordant with this pattern of variation.
There was little variation in the total abundance of A. retrojecta at either temporal scale investigated (i.e. weeks and months). Although this temporal stability in abundance is unusual for molluscs in algal turf, which generally show substantial fluctuations through time corresponding to periods of high recruitment or resource-availability (e.g. Wigham, 1975; Myers & McGrath, 1993) , it is consistent with other local chitons on rock platforms or under boulders that vary little among sampling times (Otway, 1994; Smith & Otway, 1997) .
In contrast to overall abundances of A. retrojecta, there was an increase in mean number and proportion of juveniles in June/July. At the same time, there was a decline in abundance of adult chitons, especially of the largest sizes (.7 mm), which must have been caused by either increased adult mortality or by migrations of large individuals to different habitats. The largest A. retrojecta (.10 mm) are generally found in less spatially restrictive habitats, such as crevices, polychaete tubes, boulders or mussels beds (V.J. Cole, personal observation; Cotton & Godfrey, 1940) , suggesting that adult chitons may migrate from coralline turf to places with more space. It has been proposed for some invertebrates that coralline turf acts as a nursery habitat for juveniles that mostly live in other habitats as adults (e.g. Worthington & Fairweather, 1989; Falkner & Byrne, 2003) . Nevertheless, it is probably not the case for A. retrojecta because (i) they are extremely rare outside of coralline turf and (ii) gravid individuals were observed in coralline turf at all times of sampling, indicating they can complete their life-cycle in this habitat.
Although it was not possible to track accurately size-cohorts of A. retrojecta from one time to the next, it appeared that patterns of reproduction, recruitment and longevity of this small chiton differed greatly from those of larger chitons in this area. On the same shores, for example, Otway (1994) found that the two most common species of larger chiton, Onithochiton quercinus and Plaxiphora albida, spawned once per year, recruited seasonally (May/June), grew an average of 14 mm in their first year and lived for approximately 6 years or more. In contrast, A. retrojecta recruited continuously throughout the year, although it also showed a mid-year peak in recruitment. Because chitons generally have short-lived larvae (Barnes & Gonor, 1973; Menge, 1976) or direct development (Creese, 1986; Eernisse, 1988) , continuous recruitment also implies that A. retrojecta reproduces constantly throughout the year. In addition, rapid changes in the cohort structure of A. retrojecta suggest high, but variable, rates of growth and mortality, similar to those shown by A. crinita from Spain (Bode, 1989) . Nevertheless, quantitative comparisons of rates of growth and mortality for A. retrojecta and larger species of chiton require accurate measurements of these parameters in the field. While such data can readily be obtained via cohort analysis for large chitons (e.g. Otway, 1994) , alternative methods need to be developed for A. retrojecta, as traditional techniques were ineffective.
Despite some similarities, many aspects of population ecology of A. retrojecta differed greatly from those of the larger chiton species that have been the focus of past studies (e.g. Baxter & Jones, 1978; Chelazzi et al., 1983; Otway, 1994) . These differences may be because A. retrojecta is substantially smaller than many other species or, alternatively, because it has unique biological characteristics. More information is needed on the population ecology of small chitons before this can be evaluated. 
